Background: The Dutch guidelines advise to start radiation therapy (RT) within 5 weeks following breast-conserving surgery (BCS). However, much controversy exists regarding timing of RT. This study investigated its effect on 10-year disease-free survival (DFS) in a Dutch population-based cohort.
The relevance of optimal timing of surgery and adjuvant treatment is widely described in the literature, showing that delays in surgery (Shin et al, 2013; Bleicher et al, 2016) and adjuvant treatments (Trufelli et al, 2015) are likely to decrease treatment efficacy. In terms of the optimal timing of radiation therapy (RT) following breast-conserving surgery (BCS) much controversy exists. The general perception is that increasing time intervals between BCS and RT are correlated with adverse survival outcomes (Mikeljevic et al, 2004; Hershman et al, 2006; Chen et al, 2008; Tsoutsou et al, 2009; Gupta et al, 2016) . Though, various other studies have shown that time interval between surgery and RT is unrelated to locoregional recurrence-free survival (LRRFS) (Froud et al, 2000; Livi et al, 2009; Barbieri et al, 2011; Downing et al, 2011; Corradini et al, 2014; Vujovic et al, 2015) . Others reported that larger time intervals (453 days) were significantly associated with increased disease-free (DFS) and distant metastasis-free survival (DMFS; Jobsen et al, 2006 Jobsen et al, , 2013 . However, these study populations are very heterogeneous, making it impossible to draw firm conclusions. Despite this, most indicators aiming to describe quality of care are process indicators regarding timing of therapy. In the Netherlands, the NABON (National Breast cancer Working group) Breast Cancer Audit (NBCA) defined the indicator on timing of RT as within 5 weeks of BCS, for patients not receiving chemotherapy between BCS and RT (Dutch Institute for Clinical Auditing (DICA), 2015). In 2013, the annual report of the NBCA demonstrated that this criterion was fulfilled for only 45% of the patients. However, 75% was treated with RT within 6 weeks (42 days) of BCS (Dutch Institute for Clinical Auditing (DICA), 2013) .
No nationwide population-based studies have been performed to investigate the relation between timing of RT following BCS and 10-year DFS, LRRFS, DMFS and overall survival (OS) in early breast cancer in the Netherlands. The aim of this study was to determine the effect of time intervals between BCS and RT on 10-year DFS, LRRFS, DMFS and OS in Dutch breast cancer patients. To achieve this, we investigated two populations: one in which patients receiving chemotherapy before RT were excluded, in order to determine the relevance of the NBCA indicator, and one in which patients receiving chemotherapy before and after RT were compared.
MATERIALS AND METHODS
Design. In this historic cohort study, patient-, tumour-and treatment-related characteristics were obtained from the population-based Netherlands Cancer Registry. Tumour characteristics were coded according to the International Classification of Diseases for Oncology (ICD-O, third edition) (Fritz et al, 2000) and the tumour, node and metastasis (TNM) classification system of the International Union Against Cancer, sixth edition (Sobin and Wittekind, 2002) . Data on vital status and date of death were derived from the Municipal Personal Records Database. Data on all recurrences that occurred within 10 years after diagnosis were gathered retrospectively from patient files and were complete for all patients included in this study. This study has been approved by the privacy committee of The Netherlands Cancer Registry.
Patients. All women diagnosed with primary invasive stage I-IIIA breast cancer in 2003, treated with BCS with RT, of whom the start date of RT was known and follow-up was complete, were included. Patients who had Paget's disease, macroscopic residual tumour left after the operation, treated in an unknown hospital, had extreme time intervals exceeding 365 days, or were treated with RT before BCS were excluded. First, we investigated our research question in all early breast cancer patients, where we excluded patients treated with chemotherapy between BCS and RT (Population 1). Since adjuvant systemic therapy (endocrine therapy and/or chemotherapy, AST) has a direct effect on survival (Early Breast Cancer Trialists' Collaborative Group (EBCTCG), 2005), we stratified these analyses for use of AST. Adjuvant endocrine therapy could have been started before, concurrently with, or following RT. Second, the same research question was studied in patients treated with chemotherapy before RT (BCS-chemotherapy-RT) and we compared the results with patients receiving chemotherapy after RT (BCS-RT-chemotherapy) (Population 2). The patients treated with chemotherapy after RT are consequently part of both populations (Figure 1 ).
Definitions and outcomes. The time between BCS and RT was defined as the number of days from the date of most recent surgery until the start of RT. Most recent surgery was defined as BCS of the primary tumour, or as the moment of axillary lymph node dissection, if this was performed following BCS. In case of reexcision, the date of last BCS was used. We categorised patients into three interval groups based on the NBCA indicator: o42 days (most patients receive RT within 42 days), 42-55 days and 455 days. For BCS-chemotherapy-RT, the median time interval was larger, and therefore the following interval groups were created, based on the distribution of BCS-RT interval among patients: o112 days, 112-140 days and 4140 days. Local and distant recurrences were defined according to existing consensus-based definitions for recurrence classification (Moossdorff et al, 2014; Gourgou-Bourgade et al, 2015) . The primary outcome of this study was 10-year DFS (cumulative probability of being free from any recurrence, within 10 years after diagnosis). Secondary outcomes were 10-year LRRFS, 10-year DMFS (cumulative probability of being free from locoregional recurrences or distant metastases, respectively, within 10 years after diagnosis) and 10-year OS (death due to all causes).
Statistical analysis. Potential confounding variables were compared among the interval groups using the w 2 , Fisher's exact or Kruskal-Wallis test. Small amounts of missing data were present for several prognostic variables. Since these missing variables are most likely limited to an earlier year of diagnosis (over recent years the registration of data has become more strict), and were not expected to be related to any unobserved data, we considered the missing data as missing at random. To account for missing data, multiple imputation was performed using the mi impute chained equation command in STATA (Release 14, StataCorp LP, College Station, TX, USA). The imputation, based on event indicators and estimated Nelson-Aalen cumulative hazards (White and Royston, 2009 ), was performed 20 times and Rubin's rule was used to combine the estimates and standard errors (White et al, 2011) .
We used the Kaplan-Meier method and the log-rank test to compare crude 10-year DFS, LRRFS and DMFS among the interval groups. To correct for confounding, we used multivariable Cox regression to estimate hazard ratios (HRs) with 95% confidence intervals (CIs) for 10-year DFS, LRRFS and DMFS. For Population 1, all analyses were stratified for use of AST (chemotherapy and/or endocrine therapy ¼ yes, none ¼ no). For Population 2, analyses were performed separately for BCS-RT-chemotherapy and BCSchemotherapy-RT. Potential confounding variables (variables that are related to the timing of RT as well as the survival outcomes) varying among interval groups were included in the multivariable models (Po0.1). A P-valueo0.05 was considered to be statistically significant. All analyses were executed in STATA version 14.1. (Figure 1 ). None of the included patients received primary systemic therapy. The median number of days between BCS and RT was 45 (IQR 37-54; Figure 2 ). The distribution of time interval for patients treated with and without AST is shown in Supplementary Figure 1 . Patient, treatment, and tumour-related characteristics per interval group are summarised in Table 1 . Longer time intervals were most common in older patients, patients not treated with AST and patients who were referred to a RT department in another hospital. Patients treated with AST showed less favourable tumour characteristics compared to patients not treated with AST (Supplementary Table 1) . Population 2 consisted of 1120 patients (Figure 1 ). The median number of days between BCS and RT was 43 (IQR 35-51) for BCS-RT-chemotherapy, and 124 (IQR 111-144) for BCS-chemotherapy-RT (Supplementary Figure 2) . Patient, treatment and tumourrelated characteristics per interval group and timing of chemotherapy are summarised in Table 2 .
RESULTS

Population 1 consisted of 2759 patients
Population 1: timing of RT and 10-year survival, stratified for use of AST. In the o42 days group, 178 of 1079 patients (16.5%) were diagnosed with a recurrence within 10 years of diagnosis. In the 42-55 days group, 141 of 1074 (13.1%) patients experienced a recurrence, and in the 455 days group, 73 of 606 (12.1%) patients experienced a recurrence. The distribution of distant metastases varied significantly among interval groups, but the distribution of locoregional recurrences did not (Supplementary Figure 3) . The distribution of recurrences for patients treated with and without AST is shown in Supplementary Figure 4 . Patients treated with adjuvant systemic therapy showed a higher number of distant metastases in the o42 days group, compared to the other groups.
Kaplan-Meier curves of crude 10-year DFS, LRRFS and DMFS for the entire cohort are shown in Supplementary Figure 5 . A significant difference among the interval groups was observed for 10-year DFS and DMFS, with the highest DFS and DMFS seen for 455 days, and the lowest for o42 days (Po0.05). Time interval was not significantly associated with 10-year LRRFS. After stratification, 10-year DFS was significantly better for longer time intervals in patients treated with AST (Supplementary Figure 6) .
In the multivariable analysis, 10-year DFS was significantly better for the time interval of 455 days (HR 0.71 (95% CI: 0.56-0.90)) compared to o42 days. The HR for 42-55 days was 0.78 (95% CI: 0.64-0.95), compared to o42 days. After stratification, significantly higher DFS was observed for patients treated with AST (HR 0.63 (95% CI: 0.41-0.95) for a time interval of 455 days and 0.71 (95% CI: 0.52-0.98) for 42-55 days compared to o42 days). No differences in DFS among interval groups existed for patients not treated with AST (Table 3) .
Ten-year LRRFS was not significantly different among interval groups, which persisted after stratification for use of AST (Table 3) .
Ten-year DMFS was significantly better for a time interval of 455 days (HR 0.64 (95% CI: 0.45-0.92)) compared to o42 days. No significant difference existed between 42-55 and o42 days. After stratification, we revealed that in patients treated with AST, 455 (HR 0.59 (95% CI: 0.36-0.96)) and 42-55 days (HR 0.69 (95% CI: 0.47-1.00)) were significantly related to better 10-year DMFS than o42 days. No significant differences were found for patients not treated with AST (Table 3) .
Ten-year OS was not significantly different among interval groups in the entire cohort. However, after stratification, significantly lower OS was observed in patients not treated with AST for 455 days (HR 1.51 (95% CI: 1.17-2.11)) and 42-55 days (HR 1.57 (95% CI: 1.17-1.96)) compared to o42 days between surgery and RT. In patients treated with AST, no significant differences were found (Table 3) .
Population 2: timing of RT and 10-year survival, stratified for timing of chemotherapy. For BCS-RT-chemotherapy, 47 of 201 patients (23.4%) in the o42 days group were diagnosed with a recurrence within 10 years of diagnosis. In the 42-55 days group, 30 of 176 (17.1%) patients experienced a recurrence, and in the 455 days group, 8 of 70 (10.8%) patients experienced a recurrence. For BCS-chemotherapy-RT, 31 of 181 patients (17.1%) in the o112 days group were diagnosed with a recurrence within 10 years of diagnosis. In the 112-140 days group, 50 of 301 (16.6%) patients experienced a recurrence, and in the 4140 days group, 49 of 187 (26.2%) patients experienced a recurrence. The distribution of any recurrence and distant metastases varied significantly among interval groups-irrespective of timing of chemotherapy-while the distribution of locoregional recurrences did not vary significantly (Supplementary Figure 7) . Kaplan-Meier curves show that for BCS-RT-chemotherapy, time interval is not related to 10-year DFS, LRRFS and DMFS. However, for 10-year DMFS, a clear trend towards significance is observed in favour of longer time intervals (P ¼ 0.052). For BCSchemotherapy-RT, shorter time intervals are related to higher 10-year DFS and DMFS (Po0.05), while time interval was not significantly associated with 10-year LRRFS (Supplementary Figure 8) .
After correction for confounding, time interval was not significantly associated with 10-year DFS, LRRFS and OS for BCS-RT-chemotherapy, while 10-year DMFS was significantly higher for 455 days (HR 0.44 (95% CI: 0.19-0.99)) compared to o42 days. For BCS-chemotherapy-RT, time interval was not significantly associated with any outcome (Table 4) .
DISCUSSION
This study shows that in patients not treated with AST after RT, time interval between BCS and RT is not significantly related to 10-year DFS, LRRFS and DMFS, but that increasing time intervals lead to lower 10-year OS. In patients treated with AST after RT, higher 10-year DFS and DMFS at increasing time intervals were seen. In patients treated with chemotherapy (Population 2), we found significantly improved 10-year DMFS for 455 days compared to o42 days in the BCS-RT-chemotherapy group, while time interval is not significantly associated with any outcome in the BCS-chemotherapy-RT group.
This may imply that patients who are treated with adjuvant chemotherapy may possibly benefit from a slightly longer time interval when receiving chemotherapy after RT, while patients not treated with AST may have better OS when start RT o42 days after BCS. When receiving chemotherapy between BCS and RT (BCS-chemotherapy-RT), timing is not significantly related to all investigated survival outcomes. In general, patients not receiving AST present with a good prognosis, or with a decreased life expectancy due to age or comorbidity. In these patients there is evidence that RT does not affect DMFS (Hughes et al, 2013; Kunkler et al, 2015) . This may explain why RT does not depend on timing in these patients. What may be remarkable for some readers is that the majority of the patients in this population (2003) was not treated with AST. However, this is in line with the Dutch nationwide evidence-based guidelines valid at that time (Rutgers et al, 2002) .In addition, according to the current Dutch guidelines, these patients would neither be treated with AST nowadays. Importantly, AST in general is recommended when the absolute risk on 10-year mortality is equal to or more than 15%, and for most patients the risk on mortality will be reduced with 4-5%. The guideline states that the survival benefit of chemotherapy is limited in older patients and patients with early, ER positive breast cancer. Since our study population primarily consists of patients with early, ER positive disease, and the share of older patients is substantial, chemotherapy is not expected to be administered to a large proportion of patients. Endocrine therapy is primarily recommended for patients with positive lymph nodes and ER positive breast cancer or patients without positive nodes and unfavourable tumour characteristics. Approximately 20% of our population presented with positive lymph nodes, and around 30% of the patients received endocrine therapy (only or in combination with chemotherapy), which is in line with the abovementioned guidelines. (Nationaal Borstkanker Overleg Nederland (NABON), 2012).
Our findings that longer time intervals may lead to better DFS and DMFS in patients treated with AST are more difficult to interpret. Since not all hospitals in The Netherlands have a RT department, BCS-RT time intervals may increase for patients who have to be referred to a RT department of another hospital. However, with the oncological structure as set up in The Netherlands this is not likely to be the case. Moreover, since this factor is not related to the outcome (supporting the beforementioned), but is directly related to the time interval, it is not a confounding variable and should not explain the observed results. One possible argument may be that patients with worse prognosis receive RT earlier and consequently have a shorter time interval between surgery and RT (so in a way a reversed causal effect). In this study, patients under 40 years were more often treated with RT within 42 days following surgery. In addition, patients in the o42 days group had slightly larger tumours compared to the other groups, and more often had a higher grade. Another suggested mechanism deals with the release of various humoral factors after surgery leading (amongst others) to angiogenesis which contributes to the process of wound healing. This is hypothesised to contribute to growth of previously dormant metastatic cells (Baum et al, 2005) . It should be stressed also that normally RT deteriorates the ability of cancer cells to create angiogenesis and, hereby, deteriorates the ability to metastasise. Starting RT too early after surgery may, due to the release of various humoral factors, lead to repair of this type of radiation-induced damage and may therefore not lead to deterioration of angiogenesis. The latter may also explain why we find an effect of timing on DMFS, but not on LRRFS. However, this hypothesis should be confirmed in further studies. Since the chance of metastases is related to several prognostic characteristics of the tumour-that are presumably worse in patients treated with chemotherapy-the effect of timing of RT following surgery may be more pronounced in patients receiving chemotherapy after RT. However, this outcome definitely needs further research, also given the complexity of the interplay between RT and AST (Punglia et al, 2007) . Our study agrees with other studies that timing of RT is not significantly related to DFS in patients not treated with AST (Vujovic et al, 2015; Caponio et al, 2016) However, two other studies showed the opposite (Jobsen et al, 2006 (Jobsen et al, , 2013 . Possible explanations for this discrepancy are the use of different intervals between treatments, different study designs (population-based vs single-centre-based), and different study populations. Our results confirm previous studies showing no relationship between timing of RT and LRRFS (Froud et al, 2000; Jobsen et al, 2006 Jobsen et al, , 2013 Vujovic et al, 2015) Furthermore, another study found that a time interval over seven months between BCS and RT did not affect DFS and DMFS in patients receiving chemotherapy before RT, thereby confirming our results (Koh et al, 2016) . Finally, we found lower OS for patients not treated with AST with increasing time intervals. This may be explained by the larger share of older patients in the larger interval groups.
Strengths and limitations of the study. To our knowledge, this is the first study that investigated the relevance of the NBCA indicator in the Netherlands, and moreover, the overall effect of timing of RT on survival. Besides, we compared the effect of timing in patients receiving chemotherapy before and after RT. These results give a more complete picture of the effect of time interval between BCS and RT. The study's population-based setting increases the generalisability of the results. A limitation of this study is lacking data on postoperative complications, delaying RT, lymphovascular invasion, mitotic activity index and Her2 receptor status. Any differences in these factors or other unmeasured confounders among interval groups may have introduced confounding by severity. For the Her2 status, it must be noted that it was not routinely determined in 2003, with anti-Her2 therapies being introduced in Dutch clinical practice only in 2005. For patients receiving chemotherapy before RT (BCSchemotherapy-RT), we lacked data on start of the last cycle of chemotherapy. Therefore, we could not take the time between last cycle of chemotherapy and start of RT into account. Since endocrine therapy is quite often started concurrently with RT, we do not expect that the use of endocrine therapy caused a delay in starting RT. Another limitation is that we could not include 1482 patients (35% of total) due to an unknown start date of RT. As this number is substantial, we thoroughly investigated this population. Fortunately, these patients had similar baseline characteristics and survival outcomes as the population under study. In addition, since start dates of RT are cumbersome to retrieve retrospectively from RT reports, we do not expect that patients with a missing start date are a selective group. Therefore, we do not expect this to have influenced our results other than a lower number of included patients. Finally, as this study is observational, we cannot exclude additional confounding by severity and residual confounding.
Implications for clinical practice. Our most important message is that it is not necessary to start RT as soon as possible after BCS, as it does not increase survival rates. Patients should be informed about this, preventing them from worrying about tumour growth and worse outcomes in case of a longer time interval between BCS and RT. In addition, the relevance of the NBCA indicator may be questioned. These results may not only be useful for the Dutch clinical practice, but it may also be of importance for other countries. There is a lot of controversy regarding timing of RT. Population-based studies, such as this study, may contribute to a better understanding of the effect of timing on survival outcomes and may refute the common understanding that RT should start as soon as possible after RT. Clearly, we cannot conclude that delays can be extended infinitely: other studies suggested that delays exceeding 20 weeks (Mikeljevic et al, 2004; Olivotto et al, 2009) lead to reduced survival rates. In addition, from a psychological point of view a short time interval can be more convenient.
The question raises whether it would be beneficial to start chemotherapy before RT (BCS-chemotherapy-RT). Additional analyses on our data revealed that the sequence of chemotherapy and RT does not affect 10-year survival outcomes (data not shown). This is confirmed by a recently published randomised trial (Karlsson et al, 2016) . However, since the optimum timing of RT may largely be related to several prognostic factors (Livi et al, 2009) , further research needs to define a precise range in delay that has the most favourable effect on survival in predefined subgroups.
The fact that the majority of our population was not treated with AST (which is according to our guidelines),may limit the Patients that received chemotherapy between surgery and radiation therapy were excluded. generalisability of the results to other countries, where the indication for administering AST may differ. Importantly, developments in the treatment of breast cancer include the increasing use of primary systemic therapy. It should be further investigated whether these results hold true when systemic therapy is not given after, but before surgery of the primary tumour. It would also be of interest to investigate if the results hold true in subgroups based on molecular subtype. Region indicates the region in the Netherlands where the patient received surgery. Due to confidential aspects these regions are anonymised. Region has been reduced to three categories due to low number of events in this cohort.
Number of positive nodes (IQR)
0 (0-1) 1 (0-1) 1 (0-2) 0.073 1 (0-2) 1 (0-2) 1 (0-3) o0.001 - - - - 1 (0.3) - N-
CONCLUSIONS
For patients not treated with AST, timing of RT is not significantly associated with 10-year DFS, LRRFS and DMFS, but larger time intervals are associated with lower OS The latter may be explained by the increased proportion of elderly patients in the larger time interval groups. However, patients treated with AST may benefit from a slightly longer time interval between BCS and RT when receiving chemotherapy after RT (BCS-RT-chemotherapy). For patients receiving chemotherapy before RT, time interval does not influence survival rates. However, the possible interplay between timing of chemotherapy and timing of RT needs further elucidation. In addition, the results should be evaluated further in different subgroups. All in all, we conclude that starting RT as soon as possible after BCS may not be necessary. This suggests that the relevance of the NBCA indicator in The Netherlands, as well as the common position that RT should start as soon as possible after RT can be questioned. Table 4 . Population 2, 10-year disease-free, locoregional recurrence-free, distant metastasis-free and overall survival for different time intervals between surgery and radiation therapy in breast cancer patients, stratified for timing of chemotherapy 
